Introduction
The burden of malaria in Southeast Asia, especially in Vietnam, has decreased drastically due to the intensive control activities deployed in the past 10 years. Vector control is primarily based on the use of bed nets impregnated with pyrethroids. However, the appearance of insecticide resistance may reverse the effect of years of effort. Consequently, knowledge of vector resistance and changing trends of resistance in target species are basic requirements to guide insecticide use in malaria control programmes. Information on population structure and gene flow provides insights into the potential spread of insecticide resistance in a vector population. Another factor in understanding population structure is genetic drift. Small population size increases the probability that gene frequencies will shift by random change, that is, random genetic drift. Genetic drift affects the entire genome, including those traits that are relevant for vectorial capacity and control (Tabachnick and Black, 1996) .
An important widespread malaria vector in Southeast Asia is Anopheles minimus sensu lato (s.l.). Within this complex An. minimus A and C are recognised (Harbach, 1994 ). An. minimus C is found in northern Vietnam, a few localities in Thailand and in southern China (Green et al, 1990; Van Bortel et al, 1999; Sharpe et al, 2000; Chen et al, 2002) . An. minimus A is more widely distributed in Southeast Asia including southern China (Sharpe et al, 2000; Kengne et al, 2001; Chen et al, 2002) . In northern Vietnam where both species occur in sympatry, An. minimus A is more anthropophilic and endophilic than An. minimus C (Van Bortel et al, 1999) . Neither species showed genetic differentiation between populations 50 km apart, and no genetic differences between samples collected by different collection methods (Van Bortel et al, 1999) . In Thailand, Sharpe et al (2000) found more mitochondrial DNA (mtDNA) variation within populations than between populations originating from different provinces and concluded that neither An. minimus A nor An. minimus C showed population structuring.
In the suburbs of Hanoi immature stages of An. minimus develop in water tanks (Vu Thi Phan, 1998) , whereas this species normally breeds along the banks of small clear-water streams. This urban population has been identified as An. minimus A (Sharpe et al, 1999; Kengne et al, 2001 ). Major differences in life-history traits are often indicative of taxonomic differences.
This study uses allozyme data (1) to assess the population structure of An. minimus A and (2) to evaluate the taxonomic status of the urban An. minimus A population from Hanoi compared to populations from rural areas.
Materials and methods

Study sites
An. minimus populations were sampled from three different localities in Vietnam. Tinh Quang (21104 0 N 105154 0 E), Hanoi Province, northern Vietnam, is situated 10 km east of Hanoi city in the Red River plain at an altitude of 10 m. Tinh Quang is a suburban village surrounded by rice fields. Houses are of brick construction and typically have a small garden with banana trees and vegetables, an animal shed and a brick water tank covered with cement. Dwellings are surrounded by walls up to 2 m high and cattle, chickens and pigs are present. There has been no malaria transmission since the 1950s when An. minimus was the suspected vector (Vu Thi Phan, 1998) . The annual rainfall, mainly from May to November, is 1200 mm. Average monthly temperatures range from 161C to about 301C.
Khoi village (20138 0 N, 105118 0 E), Hoa Binh Province, northern Vietnam, is located 80 km southwest of Hanoi city. It is situated in a large U-shaped valley at an altitude of 330 m and is surrounded by forests. Houses are generally large, well closed and built on stilts 1.0-1.5 m above the ground. Cattle are kept underneath houses at night. The typical larval habitats for An. minimus, small rivers, are common throughout this area. Malaria transmission in Hoa Binh Province is currently low, but a flare-up of malaria transmission is still possible (Verlé et al, 1998) . The annual rainfall, mainly from May to October, is between 1500 and 2500 mm. Average monthly temperatures range from 151C to about 301C.
Lang Nhot (12114 0 N, 108156 0 E), Khanh Hoa Province in south-central Vietnam, is a small village at 60 m altitude and it is surrounded by forested hills. Most of the houses are at ground level and are largely open, with thatch roofs and incomplete walls of split bamboo. Cattle are scarce in this village but, as in Khoi, the typical larval habitats of An. minimus are ubiquitous. The average monthly temperature ranges from 231C (December and January) to 271C (April-August). The annual rainfall varies between 1400 and 2800 mm, with most falling between September and December.
Mosquito collections and identification
In Khoi and Lang Nhot, adult mosquitoes were captured during 10 nights and mornings every 3 months from May 1998 to April 1999. Human landing collections were made by one collector inside and two collectors outside each of two houses at each village. The same houses were used for the entire study. One person collected resting mosquitoes during the night both inside and outside of a third house. The night collections were made between 18.00 and 06.00 h. Two collectors sampled on cattle between 21.00 and 24.00 h. Morning collections of indoor resting mosquitoes took place in 10 different houses between 06.00 and 08.30 h.
In Tinh Quang, adult mosquitoes were collected during five nights and mornings in September 1999. Human landing collections were made by one collector inside and one collector outside each of four houses. The night collections were made between 18.00 and 06.00 h. Every night, mosquitoes were collected between 19.00 and 02.00 h on cattle and pigs in two compounds. At the same time, collections were made every hour from two cattle-baited traps located in different compounds. Morning collections of indoor resting mosquitoes took place in 20 houses between 06.00 and 08.30 h, during five mornings. A total of 20 water tanks were sampled to collect larvae, which were reared to adults.
Adult mosquitoes were identified morphologically in the field by use of a standardised key for the medically important anophelines of Southeast Asia (modified from the IMPE, 1987) and stored in liquid nitrogen.
The members of the An. minimus complex were identified using Octanol dehydrogenase (Odh) allozyme profiles (Van Bortel et al, 1999) . When Odh could not be scored, identification was done by the polymerase-chain reaction restriction fragment length polymorphism (PCR-RFLP) assay developed by Van Bortel et al (2000) . These two methods allowed the morphological identification to be verified.
Allozyme electrophoresis
Individual genotypes of adult female mosquitoes were determined with cellulose acetate gel electrophoresis (Titan III, Helena Laboratories, UK) of 12 polymorphic loci: Aat-1 and Aat-2 (EC 2.6.1.1), Acp (3.1.3.2), Gpi (5.3.1.9), Hadh (1.1.99.6), Idh-1 and Idh-2 (1.1.1.42), Ldh (1.1.1.27), Mdh-2 (1.1.1.37), Odh (1.1.1.73), 6-Pgd (1.1.1.44) and Pgm (2.7.5.1). Idh-2 was, however, not used for the analysis of population structure since it was not consistently scored in Tinh Quang. Sample preparation and electrophoresis were performed as described in Smits et al (1996) and Van Bortel et al (1999) .
Data analysis
Population structure Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD): Deviation from HWE was tested by the exact probability test using the programme GENEPOP v.3.2a (Raymond and Rousset, 1995) . Linkage between loci in each sample was tested using a contingency table of all pairs of loci in a sample (GENEPOP v.3.2a, Raymond and Rousset, 1995) .
Population genetic structure and gene flow: Wright's (1951) F st was estimated using y from Weir and Cockerham (1984) . Significance was tested by means of the log-likelihood statistic G, after permutation of genotypes among samples. Tests were performed with the programme FSTAT v.2.93 (Goudet, 1995) .
Hierarchical F st values were calculated for different groups, that is, between all samples, among samples within study sites and among study sites. Pairwise F st values obtained within and between different groups were compared by means of the nonparametric MannWhitney U test.
The extent of gene flow (Nm) among populations determines their potential to differentiate. If Nm is larger than one, then gene flow is strong enough to prevent substantial differentiation due to genetic drift (Slatkin and Barton, 1989) . Nm was calculated from F st values using equation Nm ¼ (1ÀF st )/4F st (Wright, 1951) . A second estimate was based on the private allele method developed by Slatkin (1985) .
Population genetic structure of Anopheles minimus A W Van Bortel et al
Nonmetric multidimensional scaling: Prevosti distances between samples were calculated using the programme BIOSYS-2 (updated version of Biosys-1 of Swofford and Selander, 1981) and subjected to three-dimensional nonmetric multidimensional scaling (MDS) with the programme NTSYS v.1.80 (Rohlf, 1993) .
Temporal variation in allele frequencies: Temporal variation in allele frequencies was calculated for Khoi village, for which 1995-1999 data were available; 1995 data were from Van Bortel et al (1999) . A pairwise comparison of allele frequencies was made between all surveys (five surveys in 1995 and four surveys in 1998-1999) using the programme GENEPOP v.3.2a (Raymond and Rousset, 1995) .
Effective population size (N e ) N e was estimated based on the expected heterozygosity (H e ) under HWE using the infinite-allele model (IAM) :
, where m is the mutation rate (Nei, 1987) . Assuming homogeneity of mutation rate among loci, a mutation rate of 4 Â 10 À6 was used in the calculations (Maynard Smith, 1998) . Since H e may be correlated with sample size, it may bias the estimate of N e . Therefore, any correlation with the sample size was tested using a Spearman rank correlation coefficient. Differences between the H e estimates from different study sites were tested by defining the 95% confidence interval (95% CI) by bootstrapping (5000 times) of individuals within populations (programme GENETIX: http://www.univ-montp2.fr/Bgenetix/genetix.htm). The estimates were considered significantly different if the 95% CI were not overlapping.
Where needed, significance levels were adjusted following sequential Bonferroni procedures for multiple tests (Hochberg, 1988) . were identified as An. minimus A by PCR-RFLP. The first survey in Lang Nhot yielded a large number of An. minimus A, but only five mosquitoes were collected on cattle. During the second survey only 20 An. minimus A mosquitoes were collected, while this species was not found from the third survey onwards. However, other Anopheles species were still collected during these surveys. In Tinh Quang, only two adult An. minimus A were caught by resting morning collections and six by cattle collections (five in the cattle baited trap). However, larvae of An. minimus s.l. were found in eight out of 20 sampled water tanks.
Results
Mosquito collections and identification
The following samples were included in the data analyses: in Khoi, four surveys were included, composed out of five samples (five collection methods) each. In the data analysis of Lang Nhot only the first survey, composed out of four samples, was considered. The samples in Tinh Quang included the eight water tanks and the mosquitoes from the adult collections, which were considered as one population.
Frequencies of the following alleles were pooled because they were difficult to distinguish when not on the same gel: Population structure HWE and LD: Out of 180 tests, 12 showed significant deviations from HWE. Four tests remained significant after Bonferroni correction. Deviations from HWE were only observed for Odh and Acp in Lang Nhot and were excluded from the population structure analysis. The nonindependence of loci was rejected in 16 cases, none of which remained significant after Bonferroni correction. Table 1 gives a summary of the allele frequencies for the three populations, Khoi, Tinh Quang and Lang Nhot.
Population differentiation: The overall F st value of 0.075 indicated substantial genetic differentiation among populations (Table 2 ). Yet, neither in Khoi, or Lang Nhot was their evidence for genetic differentiation among samples collected by different collection methods. In Tinh Quang, however, there was a highly significant overall F st value of 0.105 (P ¼ 0.0001) among samples (eight water tanks and one adult collection). The macrogeographic differentiation among Khoi, Lang Nhot and Tinh Quang, was also significant (overall F st ¼ 0.078, P ¼ 0.0001), just as it was for pairwise comparisons among sites (Table 2) . MDS revealed that the differentiation within Tinh Quang was larger than that between Khoi and Lang Nhot, which are separated by a distance of more than 1000 km (Figure 1) . Moreover, the pairwise F st values among samples from Tinh Quang were significantly larger than the F st values for intersite population pairs from Khoi and Lang Nhot (Mann-Whitney U test, P ¼ 0.000; mean rank within Tinh Quang ¼ 84, mean rank among Lang Nhot and Khoi ¼ 47). The pairwise F st among the water tanks was compared to the pairwise F st estimates between the water tanks and the adult sample of Tinh Quang. However, no difference in F st value between the two groups was detected (Mann-Whitney U test, P ¼ 1.000). However, in the MDS, the adult sample of Tinh Quang was found to be more closely related to the Khoi samples (detail not shown). A lot of the observed differentiation between the water tanks in Hanoi seemed to be due to one water tank that showed high F is values for the loci with significant F st values (details not shown) and which had an extreme position in the MDS. Excluding this sample did decrease the F st within Hanoi (F st ¼ 0.085), but did not change the significance levels as listed in Table 2 . Populations from Khoi and Lang Nhot clustered closely within their group (study site) (Figure 1 ).
Gene flow: All estimates of Nm were above one, and very large Nm values were obtained for nonsignificant F st values (Table 2) . Gene flow within Tinh Quang is comparable with the estimates among sites. Some pairwise Nm estimates between the populations of Tinh Quang were smaller than one (based on eight polymorphic loci, details not shown).
Temporal variation in allele frequency in Khoi: Five out of 306 tests showed significant allelic differentiation. No test remained significant after Bonferroni correction. 
Effective population size
Estimates of the effective population size were based on 10 loci (Idh-2 included). N e was calculated for Khoi and Lang Nhot. Tinh Quang was excluded because it comprised genetically differentiated populations, which would bias N e .
H e was not significantly correlated with sample size (Spearman rank r ¼ À0.081, P ¼ 0.706, N ¼ 24) and H e of Khoi and Lang Nhot were not significantly different, resulting in similar N e estimates (Table 3) .
Discussion
Taxonomic status of An. minimus from Tinh Quang Immature stages of An. minimus normally develop along the banks of small cool clear-water streams that are partially shaded. The urban An. minimus population from Hanoi was also identified as species A on allozyme electrophoresis and PCR-RFLP. Likewise, Kengne et al (2001) and Sharpe et al (1999) identified this population as An. minimus A using primers derived from RAPD analysis and using D3 28S rDNA region respectively. Estimates of gene flow between the Tinh Quang and Khoi populations, which are located about 80 km apart, were above one (2.1 and 11.3, based on F st and private alleles respectively). These estimates of Nm indicate how much gene flow must have occurred in the past in order to obtain the observed level of differentiation (Slatkin, 1987) . It is misleading to infer actual migration rates from F st values (Walton et al, 2000) , because the genetic signature of population history can remain for a long time and can obscure actual gene flow.
Comparing the F st values between the urban and the rural sites and between Khoi and Lang Nhot populations suggests that the urban environment enhances the differentiation of An. minimus A. Ecotypic selection is recognised as an important force in differentiating mosquito populations (Chevillon et al, 1998) . In West Africa different chromosomal forms of An. gambiae have been identified associated with ecoclimatological zones (Coluzzi, 1992; Toure et al, 1994; Powell et al, 1999 ). Yet, the taxonomic status of these chromosomal forms is still debated (Black and Lanzaro, 2001 ). In an extensive study addressing this problem, Mukabayire et al (2001) suggested that neutral markers may not have the sensitivity required to detect isolation between recently established taxa. If this is true, then the Tinh Quang population might be much more isolated than we estimated. However, part of the observed differentiation between the rural and the urban An. minimus A populations can be caused by the genetic population structure found in the urban population. Moreover, so far, no ITS2 rDNA sequence differences have been detected between the Tinh Quang population and other populations from An. minimus A (Van Bortel, unpublished data). Hence, our data do not support a reproductively isolated status of the urban and the rural An. minimus A populations. However, we recognise the need to extend the study using other molecular loci to further evaluate the taxonomic status of the urban population. It is, however, clear that An. minimus A has the ability to adapt to anthropogenic environmental changes, consequently this vector, and its possible malaria transmission, can stay in close contact with man. Yet, on basis of the adult collections of An. minimus A in Tinh Quang, it is questionable whether the risk of malaria transmission in the suburbs of Hanoi is substantial.
Population structure of An. minimus A Three alleles are currently known to occur at the Odh locus, Odh 95 , Odh 100 and Odh 118 , of which the latter two were described in Van Bortel et al (1999) . The new allele Odh 95 was found in Lang Nhot and Tinh Quang. All mosquitoes bearing this allele were identified as An. minimus A on the basis of a PCR-RFLP identification assay (Van Bortel et al, 2000) . The HWE deviations at Odh and Acp in Lang Nhot are difficult to explain. Although we do not believe that this issue would influence our conclusions, we decided to exclude both affected loci from the population structure analysis. Moreover, as the An. minimus A population disappeared from the study site (An. minimus A was not collected in four subsequent surveys, Trung, unpublished data), the HWE deviations could not be followed up in the subsequent samples. The reason for the disappearance of An. minimus A from the study site is unclear. An intervention with impregnated bed nets started in August 1998 in four surrounding villages, but no malaria control measures were taken in Lang Nhot itself.
Geographical distance does not seem to be the primary factor differentiating mosquito populations. Low differentiation was detected between An. gambiae populations from West and East Africa, 5000 km apart (Kamau et al, 1999 ). Yet, significant isolation between coastal and savannah An. gambiae populations from Kenya, 700 km away, has been recorded (McLain et al, 1989; Kamau et al, 1999; Lehmann et al, 1999 Lehmann et al, , 2000 . These populations are separated by the eastern arm of the Rift valley complex. Kamau et al (1999) suggested that the sparsity of human settlements in the eastern arm of the Rift valley acts as barrier to gene flow for the highly anthropophilic vector An. gambiae. In contrast, the lack of human settlements does not seem to cause population structure in the partially zoophilic vector An. arabiensis (Kamau et al, 1999) . We observed only a limited macrogeographical differentiation between An. minimus A populations 1000 km apart. However, widely separated populations are not likely to be connected by direct gene flow. Under a model of isolation by distance a large N e (deme size), observed in An. minimus A, would result in a moderate macrogeographical differentiation (Wright, 1951; Lehmann et al, 1998) . In Southeast Asia, where large continuous areas are suitable for An. minimus, this model could be appropriate in describing the relationship between populations. An. minimus A tends to feed on humans and cattle (Van Bortel et al, 1999) and no genetic differentiation has been found between mosquito populations feeding on different host-types. Hence, its population structure will not be affected by sparsity in human settlements. The absence of temporal variation in allele frequencies in Khoi during the period 1995-1999 indicates that no extreme N e minima in the An. minimus A population occurred and that it was not subjected to significant genetic drift. During this period, no vector control measures were implemented in the village and seasonal fluctuations (temperature in winter is only 151C) do not seem to have influenced substantially the demography of An. minimus in Khoi. This could be due to more permanent larval breeding sites for An. minimus, which in turn could enhance gene flow between populations. The absence of temporal variation in allele frequency suggests that effective population size is large, which is consistent with observation of Sharpe et al (2000) . The N e estimates based on the expected heterozygosity are similar for both Khoi and Lang Nhot. This suggests that these populations are subjected to similar effects of genetic drift. These estimates were comparable with N e estimates of An. gambiae in Asembo, Kenya, based on microsatellite loci under an infinite allele model (Lehmann et al, 1998) .
In contrast to Khoi and Lang Nhot, a significant genetic differentiation was observed between the samples from Tinh Quang. Part of the differentiation could be due to the fact that samples from water tanks were composed of siblings. However, the observed differentiation was larger than the macrogeographical differentiation between Khoi and Lang Nhot. It is not clear whether this genetic variation in the larval stage also reflects a genetic differentiation between adults. Unfortunately, the small number of adult mosquitoes in the collections from Tinh Quang did not allow us to test this. The difficulty to collect adults was in clear contrast with the ease with which larvae were found. The possible role of the type of larval habitats in shaping the population structure should be further explored. In Culex pipiens for example, Chevillon et al (1998) found that populations breeding in underground and man-made habitats (hypogenous populations) were significantly differentiated, while populations breeding in open-air sites (epigenous populations) did not.
The macrogeographical population structure found between the two rural populations indicates that genes may spread over large areas. This is especially important in the light of the spread of possible insecticide resistance. 
